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Abstract
Promoting urban greenery through tree planting strategies has been considered as a measure to mitigate climate change. While it
is essential to understand the temporal dynamics of urban forest structure as well as its services and contribution to human
wellbeing in cities, it has hardly ever been examined whether the future contributions of these services after different possible
planting strategies can comply with climate change policy goals; these are topics rarely discussed in urban planning and
management. In this paper, the ecosystem services currently provided by urban trees (through carbon sequestration and storage),
as well as those potentially provided in the future, were quantified using the i-Tree Eco model, and their contribution to climate
change mitigation was evaluated. As a case study in Tabriz, Iran, we developed four possible scenarios. Synergy (urban
temperature regulation by UF) and trade-off (tree water requirements) were also analyzed. Future carbon sequestration and
storage potential of urban trees was compared with the estimated future carbon emissions. The current contribution in Tabriz
is relatively modest (about 0.2%), but it can be tripled through long-term tree planting strategies. Additionally, the temporal
cooling effects and tree water requirements increase as climate change mitigation improves through tree planting. We conclude
that urban tree planting has a small impact on carbon mitigation in the study area, most likely because of the young age of trees in
Tabriz as well as the fact that the planted trees cannot deliver all their benefits over a 20-years period and need more time. Thus,
the use of urban trees serves only as a complementary solution rather than an alternative climate mitigation strategy. Our
quantitative approach helps urban environmental policymakers to evaluate how much they can rely on urban forest strategies
to achieve climate change mitigation targets.
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Introduction
The global climate is changing rapidly and is predicted to
change at an even faster rate in the future (Brandt et al.
2016). Global warming is one of the most significant environ-
mental issues (Crowley 2000; Smith et al. 2007; Liu and Li
2012). The mean surface air temperature has increased by
0.5 °C in the twentieth century and will rise by 1.5 to 4.5 °C
by the end of the next century (Romm 2013), which poses a
critical threat to the environmental system (McLaughlin
2011). The increase in air temperature is mainly caused by
the increasing emissions of greenhouse gases (GHG) (Crank
and Jacoby 2015; Shirani-bidabadi et al. 2019). CO2 is the
most significant human-induced contributor to GHG (Olivier
et al. 2005). It has played a significant role in capturing and
absorbing outward radiation from the earth and is responsible
for about half of the greenhouse effect (Rodhe 1990).
Urban areas can be considered both as a hotspot for GHG
emissions and a carbon sink (Churkina et al. 2010; Strohbach
et al. 2012; Schröder et al. 2013; Stigter et al. 2016).
Therefore, cities should be taken into account in global cli-
mate change mitigation and adaptation efforts (Romero
Lankao 2011; Bulkeley 2013; Haase et al. 2014; Masson
et al. 2014; Raciti et al. 2014; Stigter et al. 2016).
Urban trees and shrubs (UF) provide significant climate
regulation services through carbon sequestration and storage
(Nowak 2000a; Nowak and Crane 2002; Mcpherson et al.
2005; Strohbach and Haase 2012; Andersson et al. 2014;
Raciti et al. 2014; Brandt et al. 2016) Given the ability of
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UF to capture and store atmospheric carbon, it can be consid-
ered as a useful tool in mitigation of climate change in micro
(i.e. effect on microclimate of surrounding buildings by shad-
ing and reducing energy demand and consequently reducing
carbon emissions), meso (i.e. at city level, UF can influence
solar radiation, humidity and other characteristics of local cli-
mate (Gill et al. 2007; Nowak and Dwyer 2007)), and even
macro (i.e. at the global level, UF can play a role as carbon
sink) scale (Jo and McPherson 2001; Escobedo et al. 2010;
Chen 2015). The contribution of UF to nationwide carbon
storage can also be considerable, especially in countries with
low forest cover (Davies et al. 2011; Tanhuanpää et al. 2017).
Urban policymakers mainly focus on technical measures
(e.g. energy efficiency) to meet the climate change mitigation
targets, whereas various studies have suggested the improve-
ment of UF cover through tree planting actions as a cost-
effective strategy beside other – technical – solutions to miti-
gate the impacts of climate change in cities (Byrne and Jinjun
2009; Bulkeley and Betsill 2013; Elmqvist et al. 2013; Baró
et al. 2014; Brandt et al. 2016; Velasco et al. 2016). Valuable
potential contribution of urban green infrastructures in achiev-
ing these targets is mostly neglected in urban policymaking
and planning processes (Escobedo et al. 2010; Baró et al.
2014). More insights in and awareness of the potential of
UF and, consequently, the optimization of its future contribu-
tion to the achievement of GHG emissions targets can help
illustrate the importance of UF for the policymakers.
Information on future trends is, however, hardly available.
In order to understand the net long term dynamics of car-
bon sinks and sources as affected by UF, a detailed knowledge
of the UF structure and composition is needed, which again
varies over time due to natural and anthropogenic drivers (e.g.,
trees’ growth, death and also management actions) (Nowak
et al. 2002a, 2013; Stoffberg et al. 2010; Parsa et al. 2019). An
appropriate urban tree planting and management scheme can
help optimize the carbon sink function in order to achieve
environmental policy targets (e.g., GHG emission reduction
targets), particularly when compared with future GHG emis-
sions levels at city scale. Such scenario analyses can help
urban policymakers to determine the most appropriate UF
strategy for future climate change mitigation at city scale
and attract their attention to these vital ecosystem services
besides the technical ones.
Additionally, it should be noted that urban tree plant-
ing provides a wide range of urban ecosystem services
(UES), which are characterized by complicated linkages
and interrelations. In other words, improving an impor-
tant UES (e.g. climate change mitigation in this study)
by greening may affect other UES both positively (syn-
ergies, e.g. urban temperature regulation) or negatively
(trade-offs, e.g. tree water use) (Baró et al. 2015;
Grunewald and Bastian 2015). An Analysis of urban
tree ecosystem services (ES) and associated costs may
provide insights for urban green infrastructure
decisionmakers to balance benefits and values and the
resource use trade-offs in different tree planting scenar-
ios (Carreiro et al. 2007; Darrel et al. 2011). Greening
arid and semi-arid cities – known as water-limited areas
– through tree planting provides various UES such as
carbon sequestration and storage which comes at the
expense of significantly increased water use (McHale
et al. 2017; Smith et al. 2017; Zhang et al. 2017).
This spatial trade-off (benefits here – costs there) be-
tween climate change mitigation UES and water use
may restrict the potential of UF to provide services
(Darrel et al. 2011; Grunewald and Bastian 2015).
With this background in mind, synergies (urban temper-
ature regulation by UF) and the critical tree-water trade-
off (the total water required for sustaining current and
projected future trees to supply climate change mitiga-
tion services) will be assessed.
In Iran, no assessment of carbon storage and seques-
tration by UF is available and previous research is
mostly limited to natural bodies, small areas (e.g.
parks), and a few tree species, while it is mainly by
laboratory methods (Varamesh et al. 2011; Naghipour
et al. 2014; Ostadhashemi et al. 2014; Alizadeh and
Verdian 2015; Goodarzi et al. 2016). As a consequence,
there is a poor understanding of the contribution of UF
to the mitigation of climate change in Iranian cities,
and, therefore, the UF measures have not been integrat-
ed into climate change mitigation scenarios and targets.
Therefore, this paper focuses on the assessment of
the current and, particularly, future potential of urban
trees in contributing to the compliance of CO2 mitiga-
tion targets using Tabriz, Iran, as a case study. The
objectives are to; 1) quantify carbon sequestration and
storage in the current urban forest, 2) elaborate scenar-
ios on urban trees and predict possible future potential
of trees in carbon storage and sequestration; 3) predict
future GHG emission at city scale, 4) evaluate current
and future potential of global climate regulation provid-
ed by urban trees to achieve environmental policy tar-
gets and 5) analyze synergies and trade-off generated by




Iran is one of the main global contributors to CO2 emis-
sions (EDGAR 2017), and a considerable amount of
this emission is associated with urban activities
(Olivier et al. 2017). Unfortunately, Iran scored low or
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very low across almost all categories within Climate
Change Performance Index (which measured the success
of the Paris Agreement through the implementation of
mitigation targets on a national level) (Burck et al.
2018). Iran intends to mitigate its GHG emission by
4% by 2030 (INDC 2015). Establishment of new urban
tree planting could complement other technical mitiga-
tion and adaptation strategies in reaching this aim
(Gómez-Baggethun et al. 2013; Baró et al. 2014).
This paper focused on Tabriz, the capital of East
Azerbaijan province, which has a population of 1.56 mil-
lion people living on 24,479 ha (Statistical Center of Iran
2016). Tabriz is the largest and most populated and indus-
trialized metropolitan area in the northwest and west of
Iran (it is known as the commercial and industrial hub of
NW Iran). Its climate is commonly classified as semiarid.
The city is located at an altitude of 1351 m, and the mean
annual precipitation reaches 311.1 mm with an annual
mean air temperature of 12 °C. The study area has some
large parks, especially outside the city center (e.g. Elgoli),
and several small parks. Rapid urbanization and popula-
tion growth (particularly due to an external population
influx) have accelerated the environmental transforma-
tions which have led to land use changes and deterioration
of the environmental quality (Gorbani et al. 2012;
Esmailnejad et al. 2015). Figure 1 shows the location
and land use map of Tabriz. The original land use map
for 2017 was obtained from the municipality of Tabriz
and was reclassified to 7 classes.
Methodology
Data collection
Among the computer-based tools developed to estimate car-
bon storage and sequestration by urban trees, i-Tree Eco can
be considered to be one of the most precise. The i-Tree Eco
model has to be adapted for the users outside the U.S and
demands the integration and submission to the i-Tree
Database of additional data including location information,
hourly precipitation, and pollution data for a complete year
(i-Tree Eco International Projects 2016).
The trees and shrubs data required by the i-Tree Eco
for this research were collected from 330 plots through
a field survey conducted from 5th of June to 2nd of
October 2017 following i-Tree Eco protocols (i-Tree
Eco International Projects 2016; i-Tree Eco User’s
Manual 2016; i -Tree Fie ld Guide 2016) . Pre-
stratification helped put more plots in those areas of
interest. To obtain the value of interest for each land

































































































































































































































































































































































































































































Fig. 1 Location and land use map of the study area and sample plots within the municipality of Tabriz
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University of Tabriz, Iran, were asked to weigh each
class according to their interest and knowledge about
the number of trees in each class (this approach was
designed because there was no accurately reliable map
or information about the number of trees and their cover
in Tabriz prior to this study). The values of interest in
combination with the area percentage of each class were
used to determine the number of plots for each land use
class (Table 1). The Random Points Generator of Arc
GIS 10.4.1 was used to randomly distribute 330 circular
plots (with a radius of 11.34 m; 0.1 acre) among seven
land use classes (Table 1 and Fig. 1). The GPS device
and Google Earth were used to precisely locate the plot
centers and determine the perimeter.
The field survey gathered three types of data: 1) general in-
formation (the date, GPS coordinates of the plot center, tree and
shrub cover, the percentage of the plot (%) which could be
assessed, actual land use, ground cover, plantable space, refer-
ence objects), 2) main data on shrubs (species, average height,
percentage of shrub cover, the percentage of shrub volume not
occupied by leaves) and 3) main data on trees (species, status,
distance and direction to the plot center, land use(s), Diameter at
Breast Height (DBH), data on crown (health, width and missing,
i.e. the proportion of crown volume not occupied by leaves or
branches), Crown Light Exposure (CLE), total and live crown
height, crown base height and GPS coordinates). Field data on
urban trees (only 5 out of the 330 sample plots were not surveyed
because access to themwas denied, mainly due to security issues
of the military lots). This data was used by i-Tree Eco model to
determine the urban forest structure (tree composition and struc-
ture). A comprehensive analysis of all the structural characteris-
tics of urban trees is beyond the scope of this paper, but the most
relevant ones are explained.
Current carbon storage and annual carbon
sequestration
Carbon storage is defined as the stock of tree carbon (t or kg),
while its change over time is called carbon sequestration (t or
kg year−1) (Nowak and Crane 2002). Urban tree carbon stor-
age was quantified using allometric equations (Henry et al.
2011; Breu et al. 2012).
Measuring above-ground biomass of an urban tree is diffi-
cult (Dobbs et al. 2011) but can be estimated based on DBH,
tree height and tree condition (Nowak 2019). Predicted above-
ground biomass was converted to whole tree biomass based
on an assumed root-to-shoot ratio of 0.26 (Cairns et al. 1997).
The computed fresh-weight biomass was multiplied by
species-specific conversion factors (derived from mean mois-
ture contents of species obtained from literature; 0.48 and 0.56
for conifers and hardwoods respectively) in order to obtain
dry-weight biomass and, hence, carbon storage. As open-
grown and maintained trees may have less above-ground bio-
mass, adjusted biomass is reached by applying 0.8 factor. Also
as the deciduous trees lost their leaves annually, the total
stored carbon is estimated by multiplying total tree dry weight
biomass by 0.5 (Nowak 2000b; Nowak and Crane 2002). The
increase in the biomass determines carbon sequestration. The
gross amount of carbon sequestered annually was estimated
by adding the average diameter growth (determined by avail-
able biomass, length of the growing season) from the appro-
priate genus, diameter class and the tree condition (including
CLE) to the current tree diameter (year x) in order to estimate
the tree diameter and carbon storage in year x + 1 (Nowak
2000b; Nowak and Crane 2002). For more details on the as-
sumptions in the i-Tree Eco model to estimate urban trees’
carbon storage and sequestration, see (Nowak and Crane
2002).
Plausible future carbon storage and sequestration
As the amount of stored carbon in trees depends on the bio-
mass of the trees and the net long-term dynamics of urban
trees, the carbon sinks vary over time due to the growth of
trees (Nowak et al. 2002a, 2013) and the policies and strate-
gies for increasing the number of trees (Gómez-Baggethun
et al. 2013). Therefore, one of the attractive alternatives for
climate change mitigation in Iranian cities can be tree-planting
Table 1 Number of plots for each
land use class. Stratum Area Number of plots
Ha %
Agricultural land 3026.9 12.37 57
CTI; Commercial, transportation and institutional 4325.55 17.67 51
Green Infrastructure 760.71 3.11 100
Open space 11,119 45.42 63
Residential area 5080.01 20.75 59
River 167.24 0.68 0
Total 24479.4 100 330
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programs. To analyze possible planting programs and their
potential role in the carbon cycle, a scenario analysis was
performed. Four scenarios were developed from the most pes-
simistic to the most optimistic (the scenario I; No tree plant-
ing, scenario II; Maintaining current tree number, scenario III;
Implementation of the Tabriz municipal tree planting pro-
grams and scenario IV; Aiming for 40% urban tree canopy
cover). For each scenario, carbon sequestration by trees over
the next 20 years was predicted using the Forecast module in
the i-Tree Eco model.
The Forecast module provides the tool for projecting the
future conditions of UF with various tree covers, composi-
tions, and structures (e.g. tree population density, canopy cov-
er, LAI, DBH, and biomass distribution) and benefits (e.g.
carbon storage) based on the current urban forest structure as
well as the user-defined options. The user defines the basic
options (number of years to forecast, base annual mortality
rates, and frost-free period) and trees to plant (applies to stra-
tum, set DBH of new trees, and trees to plant annually) (i-Tree
ForecastModel 2016; Nowak 2019). Themain components of
this module are: 1) tree mortality; annual mortality rates based
on canopy dieback and user-defined rates based on tree size
classes and DBH. The annual mortality rates for healthy trees
with 0–49% dieback, sick trees with 50–74%, and dying trees
with 75–99% dieback were set at 3, 13.1 and 50%, 2) tree
establishment; based on the user-defined number of trees
planted annually, and 3) tree growth; annual DBH growth
for the study area estimated as a function of (Nowak 2019):
Length of the growing season
Base growth rate based on length of the growing season was
determined by standardizing growth measurement for urban
street, park, and forest trees to growth rates for 153 frost-free
days (i-Tree Forecast Model 2016; Nowak 2019). To deter-
mine the mean difference between standardized growth rates
of street, park and forest trees, the growth rates of trees of the
same species or genera were also compared. Park and forest
growths were 1.78 and 2.26 times less than street tree growth,
respectively (Nowak 2019).
Species growth rates
Average standardized growth rates of open-grown trees were
set at 0.66, 0.99 and 1.32 and cm yr.−1 for slow, moderate and
fast growing species class, respectively (Nowak 2019).
Tree competition
Tree competition was represented by using CLE measure-
ments (Table 2). However, the CLE factors were adjusted
proportionally to the amount of available green space as the
tree canopy cover decreases or increases (Nowak 2019).
Tree condition
Base growth rates are also adjusted with regard to tree condi-
tion (based on the percentage of crown dieback) (Table 3).
Tree height
The species growth rates decline as the trees reach the maxi-
mum height, so the species growth rates as mentioned above
were adjusted according to the ratio between the current
height and the average height at maturity. The species height
at maturity was estimated based on literature searches. As the
height exceeds 80% of the average mature height, the yearly
diameter growth proportionally decreases from full growth
rate at 80% of height to 50% rate at mature height. Next, this
rate (50%) was maintained until the tree is 125% of the max-
imum height, when the growth rate is then decreased to 0.
Then the tree height, LA, and crown width and height were
estimated relying on diameter for each year. These parameters
were calculated through derived species, genus, order, and
family specific equations from measurements from urban tree
data. Total canopy cover was estimated by summing the two-
dimensional crown area of the individual tree in the popula-
tion (Nowak 2019).
Moreover, in simulating the annual addition of new trees to
the model, the species composition and CLE of new trees
were assumed to be proportional to the current species com-
position. Therefore, the future dominant species will be pro-
portional to the current condition (Nowak 2019).
Then Forecast module projects urban forest population and
carbon sequestration and storage (carbon storage is based on
the carbon equations and processes from i-Tree Eco) (i-Tree
Forecast Model 2016; Nowak 2019).
Current and future contribution of urban trees
to climate regulation
The contribution of urban trees to climate changemitigation in
Tabriz for 2015 was determined based on the estimated GHG
emissions. As there is no GHG emission data specifically for
Tabriz, the total GHG emission for the country (Iran; Gt CO2
eq) was adopted from the PBL Netherlands Environmental
Assessment Agency report on trends in global CO2 and total
greenhouse gas emissions (Olivier et al. 2017) and then ex-
tracted for Tabriz based on the population ratio. To assess the
future contribution, a regression model was used to estimate
the projected GHG emissions over the next 20 years based on
observed trends on emissions and the population growth rate.
The annual GHG emission was compared with the carbon
sequestration by urban trees to identify their contribution to
climate change mitigation in Tabriz.
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Analyzing synergies and trade-offs
Cooling effect
To address potential synergies resulting from the improvement
of climate change regulation service by the increased tree
cover, the provided urban temperature regulation ES was es-
timated for both the current situation and for the future pros-
pects through elaborated tree planting scenarios. Tree cooling
effect is provided by the tree shading effect as well as by
evapotranspiration (Bowler et al. 2010). This UES was esti-
mated using a tree shade area (canopy cover) as a proxy indi-
cator, with the assumption that the temperature reduction
(cooling effect) occurred mainly under the tree canopy
(Bowler et al. 2010; Baró et al. 2015). The tree cover area
was estimated using i-Tree composition and structure tool
for the current condition and the Forecast module for each
scenario.
Tree-water trade-offs
The total amount of irrigation water need of a tree species was
estimated using a method localized for Iran and proposed by
(Alizadeh 2009), which integrated the FAO for the drip irri-
gation system and the WUCOILSIII methods. The total
amount of water lost by a single tree species (i) over a specific
timespan through the evapotranspiration process (as an esti-
mation of the amount of water required to be compensated by
irrigation) was calculated as follows (Alizadeh 2009; Azari
et al. 2018):
ETc;i ¼ ET 0  Ks;i ð1Þ
Where ETc, i is the evapotranspiration of tree species (i)
(mm=day ), ET0 is the reference evapotranspiration (
mm=day )
and Ks, i is the coefficient of the tree species (i). ET0 was
calculated using CROWAT 8.0 software which adopted the
FAO Penman-Monteith approach (Clarke et al. 2001).
Historical monthly average meteorological data for a period
of 30 years (1987–2017), including minimum and maximum
temperature (°C), relative humidity (%), wind speed (km

year ),
sunshine – representing the duration of the daylight without
clouds (hours=day ) – were introduced in CROWAT 8.0 model
and then the ET0 was calculated. Ks for each species was
adopted from (Costello et al. 2000). The water need of each
species (Tdi) was calculated as follows (Azari et al. 2018):
Tdi ¼ psþ 0:15 1−psð Þ½   ETc;i ð2Þ
Where Tdi is the daily water need of species (i) (mm=day ) and ps
is the maximum shading percentage. Also, the maximum irriga-
tion period (day) was adopted from (Alizadeh 2009; Azari et al.
2018) and was calculated based on the maximum irrigation
depth (mm), and Td. Net water need (Ini) for species (i) was
estimated as follows (Alizadeh 2009; Azari et al. 2018):
Ini ¼ Tdi−EF  F ð3Þ
Where EF is the effective rainfall (mm=day ) and is calculated
based on a 30-year historical monthly average rainfall data
(mm=month ), using CROWAT 8.0 which applied the fixed per-
centage method (Clarke et al. 2001). F is the scheduled irriga-
tion period (day) and is adopted from (Alizadeh 2009) for
each month throughout the year. The gross water need (Ig)
for each species is estimated as follows (Alizadeh 2009;
Azari et al. 2018):
Igi ¼ Ini=Ea ð4Þ
Where Ea is the irrigation efficiency (%) (the value adopted
from (Alizadeh 2009)). Finally, the volume of water need
(V :litre =day ) was estimated based on Igi, Sp (the distance be-
tween the rows; the standard value is 3 m) and Sr (the distance
between trees in a row; the standard value is 3 m) (Alizadeh
2009; Azari et al. 2018):
Vi ¼ Igi  Sp Sr ð5Þ
Where Vi is the volume of water need for a single tree, so the
total volume of water need for all trees of the same species
(Vtotal, i : litre/year) was estimated as:
Vtotal;i ¼ Vi  ni  t ð6Þ
Where ni is the number of specified tree species, and t is the
timespan the irrigation is applied (day). The i-Tree Eco com-
position and structure tool was used to estimate the ni values
for the current condition and for each scenario using the
Forecast module. The overall volume of water need for all
Table 3 adjustment factors for base growth rates due to tree conditions
Dieback (%) Conditions Adjustment factors





Table 2 Base growth
due to CLE CLE Conditions Base growth
0–1 Forest SG* / 2.26
2–3 Park SG / 1.78
4–5 Open-Grown SG
* Standardized growth
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trees (Voverall : litre/year) was estimated as the sum of Vtotal, i
for all species:
Voverall ¼ ∑Vtotal;i ð7Þ
Results
Structural characteristics of the urban trees
A total of 48 species were identified within 325 inventoried
plots. Most of the species were exotic (80%), and the dominant
tree species include Robinia pseudoacacia (12.5%), Fraxinus
excelsior (9.8%), and Elaeagnus angustifolia (8%). Tabriz had
1.928 million trees with an overall tree density of 79 trees per
hectare (trees ha−1), with the highest occurrence in green spaces
(455 (trees ha−1)) followed by the residential area (100 (trees
ha−1)) and open spaces (63 (trees ha−1)). The total leaf biomass
was 5767.5 tons, which is one of the most influential indicators
of the carbon sequestration and storage assessment (Moser et al.
2015). Also, a considerable number of the trees were recently
planted, and about 80% of them had DBH smaller than
15.2 cm. About 95% (±0.9) of the trees were in excellent con-
ditions, and only 2.4% (±0.6) were dead (Fig. 2).
Ecosystem Service of Climate Regulation
Existing urban trees in Tabriz were estimated to have stored
2.238 tha−1 (54,420 t) of carbon over the year 2015. A com-
parison between the amount of stored carbon among the land
use classes shows that the green spaces had the highest
amount, followed by residential areas. As with the carbon
storage, the majority of carbon was sequestered by these two
land use classes at a total of 2102 kg CO2eq per hectare over
2015 (71% of the total amount) (Table 4). This pattern is likely
to be associated with the tree coverage and leaf area in each
class (Fig. 3)
The amount of carbon stored and sequestrated varies
among the species. Robinia pseudoacacia is the most impor-
tant species in carbon storage and sequestration in Tabriz by
virtue of its relative abundance and size. The top 10 tree spe-
cies contributing to carbon storage and annual net carbon se-
questration (Table 5) were responsible for 75 and 49.4% of
total carbon storage and annual net carbon sequestration,
while they respectively constitute 64.7, 73.3, 75.4 and 75%
of the total number of trees, leaf area, leaf biomass and tree dry
weight biomass (Fig. 4). These results may help to provide
better recommendations for landscape designers and urban
managers to select appropriate tree species to mitigate climate
change.
Future potential of urban trees in carbon
sequestration and storage
The projected structural characteristics in the 20th years of
each scenario was summarized in Fig. 5. Also, the future pat-
tern of some characteristics of UF by the end of the simulated
year was showed in Fig. 6. The future potential of urban trees
to sequester and store urban carbon for the four scenarios is
projected using the Forecast module in the i-Tree Eco model.
In the scenario I (no tree planting), Tabriz will lose 629,350
trees, store 564,568 t C and sequester about 48,196 t Cyr−1 at
the end of the 20th year. Planting 40,000 trees per year main-
tain the current urban tree number, stores 539,840 t C and
sequesters 43,812 t Cyr−1 in the last projected year (Scenario
II). 638,813 t of carbon will be stored in urban trees over the
next 20 years if the municipality of Tabriz implements its tree
planting program (Scenario III). The 40% urban tree canopy
goal for Tabriz can be achieved at the end of the simulated
timespan by planting 150,000 trees per year, which yields a
final amount of 675,964 t C stored and 65,054 t yr.−1 seques-
tered carbon (Scenario IV). The estimated total net carbon
sequestration shows an increase in all scenarios, even in the























Fig. 2 DBH and condition class
distribution of the studied
population
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Tabriz were in the early stage. Such young urban trees, how-
ever, require more careful maintenance (Liu and Li 2012).
The contribution of current and future urban trees
to climate change mitigation
The relative contribution of urban trees to climate change
mitigation in Tabriz for the year 2015 (considered as the cur-
rent situation) was determined based on data and projections
of GHG emissions (Fig. 8). The estimation suggests that the
total GHG emission will increase by about 3.73 *107 (t year1).
The results show that the contribution of urban trees to
climate change mitigation is meager and accounts for about
0.2% of the overall GHG emissions. The maximum contribu-
tion in 2035 will be yielded through scenario IV, equalling
0.623%. The dynamic annual contribution of urban trees to
climate change mitigation is shown in Fig. 9.
Analyzing synergies and trade-offs
Cooling effect
An assessment of the tree cover percentages as proxy indica-
tors for urban temperature regulation from the current condi-
tions to the next 20 years in each scenario showed incremental
trends (Fig. 10) similar to those of carbon sequestration (Fig.
7). This means there is a positive relationship (synergy) be-
tween the improvement of the climate change mitigation ES
and the provision of urban temperature regulation.
Tree-water trade-offs
The results show that the average total water need for a tree
was about 9 m3 per year. It was estimated that about 17.2
million m3/year of water was required to maintain the current
number of urban trees in order to sustain the provision of
climate change regulation ES. If no tree is planted for the next
20 years (Scenario I), the overall water requirement decreases
by 11.5 million m3/year in the 20th year. Through scenarios III
and IV, which aim at increasing tree cover by planting tree
annually, the overall water needs increase respectively to
26.3 and 33.7 million m3/year at the end of the 20th year
(Fig. 11). The results indicate that as the climate change mit-
igation ES improves by tree planting, the amount of water use
also increases (tree-water trade-offs).
Discussion
In order to correctly understand and manage the potential of
urban trees for urban climate changemitigation, it is necessary















Fig. 3 Comparing the
characteristics of the urban trees
and the carbon storage and
sequestration among the strata (all
value in percentage)
Table 4 Carbon storage and annual net carbon sequestration delivered by the trees for each land use class
Strata Carbon storage Annual net carbon sequestration
By class Per unit area By class Per unit area
(t) (%) CO2eq (t) (kg ha
−1) CO2eq (kg ha
−1) (tyr−1) CO2eq (tyr
−1) Density (kg yr.−1 ha−1) CO2eq (kg yr.
−1 ha−1)
Agricultural land 7250 13.3 26586 2395.2 8783.2 982.9 3604.3 324.7 1190.8
CTI 5907 10.9 21661.7 1365.7 5007.9 1075.7 3944.7 248.7 912.0
Open spaces 20,307 37.3 74466.7 1826.4 6697.2 3450.9 12654.4 310.4 1138.1
Green spaces 8707 16 31927.2 11445.3 41970.1 1335.0 4895.5 1755.0 6435.4
Residential area 12,248 22.5 44914.8 2411.1 8841.5 2033.0 7455.0 400.2 1467.5
Total 54,420 100 199556.4 2238.4 8208.1 8877.6 32554.0 365.2 1339.0
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carbon sequestration and storage delivered by trees (Liu and
Li 2012; McPherson et al. 2013; Pasher et al. 2014) and the
future potential of this ES (Stoffberg et al. 2010), as well as an
analysis of synergies and trade-offs. Urban trees are one of the
several potential solutions –a complementary and temporary
solution rather than an alternative one – to mitigate the prob-
lem of climate change.
Future urban trees carbon accounting has not received
much attention so far. This paper attempted to quantify the
existing and particularly the potential future contributions of
urban trees to climate change mitigation at city scale. Our
findings on the contribution of the urban trees of Tabriz to
climate change mitigation show a very modest contribution
compared with other cities (Pataki et al. 2009; Liu and Li
2012; Baró et al. 2014). The reasons can be attributed to the
low level of urban trees and green spaces, the local biophys-
ical conditions, the young age of trees (discussed below) and
the relatively high emissions in Tabriz. Concerning the bio-
physical conditions, Byrne and Jinjun (2009) showed that the
site contamination and the vegetation characteristics are
among the critical biophysical factors which constrain the
ability and utility of urban trees to combat climate change.
They also indicated that the urban morphology, along with
other factors, determines the scope and scale of ES provided
by UF. Therefore, the morphology of the case study – in this
case, a bowl-shaped valley surrounded by mountains which
act as the trap for pollutants (Gorbani et al. 2012; Esmailnejad
et al. 2015) – can be one of the reasons for the low
contribution.
As the urban tree’s carbon storage and sequestration are a
function of the total amount of urban tree cover (Nowak et al.
2013), this ecosystem service can be improved by urban tree
planting. Among the four different scenarios, scenario IV se-
questers and stores more carbon compared with other scenar-
ios especially with the realistic one (III). Comparing the future
amount of carbon sequestration by urban forests with the pre-
dicted GHG emission at city scale showed that the maximum
contribution of urban trees to climate change mitigation at the
end of the next 20 years will be 0.623% (in scenario IV) which
is three times more than the current conditions, but is still very
Table 5 Tree structure summary and carbon storage and sequestration by the top 10 species
Species Carbon storage Net carbon
sequestration
Structure summary by species
(t) Co2eq (t) (ty−1) Co2eq (ty−1) Tree Number Leaf Area (ha) Leaf Biomass (t) Dry Weight Biomass (t)
Robinia pseudoacacia 7947 29142 248 909 240590 1100 592 15894
Fraxinus excelsior 5654 20734 849 3114 188821 742 789 11309
Morus alba 5307 19461 633 2321 63579 409 299 10614
Populus alba 4339 15911 141 517 49695 628 546 8678
Ulmus carpinifolia Hollandica 3249 11915 394 1445 128342 354 241 6499
Ulmus minor 3136 11499 121 444 51038 487 332 6272
Elaeagnus angustifolia 3054 11197 713 2615 153675 635 476 6107
Cupressus arizonica 2418 8867 293 1075 130009 730 1143 4836
Acer negundo 2282 8367 296 1085 39574 295 270 4563
Ailanthus altissima 1749 6413 416 1526 107713 269 201 3498
Pinus nigra 1681 6165 283 1036 94402 491 473 3363



















The top 10 tree species Total
Fig. 4 Share of the top ten species
in total carbon sequestration and
storage
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low. The present study also shows that while carbon seques-
tration potential is small compared with the emissions, the
current amount of carbon stored by these trees is large.
Hence, it is essential at least to maintain the current UF.
Losing the existing trees without any replacement may act as
a net carbon source to the atmosphere. This indicates that
future urban tree planting will have to maintain the current
carbon storage. Locating individual trees more properly and
selecting appropriate tree species may allow the UF to become
a more significant sink for carbon (Lal and Augustin 2012;
Liu and Li 2012). It can also improve the biodiversity of the
UF and consequently increase the resilience and resistance of
trees to adverse shocks (e.g. diseases), thus improving other
environmental benefits delivered by urban trees (e.g. air puri-
fication) (Pataki et al. 2011b). More research is needed to
determine which urban tree species and traits create the most
substantial benefit for carbon sequestration and other ecosys-
tem services.
The most important factor in the capacity of individual
urban trees to sequester and store carbon might be the tree
species and the DBH distribution (Nowak 1993). Large trees
generally provide benefits 44%more than small trees (Armour
et al. 2012) and small trees store 1000 times less carbon than
large trees (Nowak 1994). In other words, the greatest quality
and quantity of ES are given by large, healthy trees
(McPherson and Peper 2012; Silvera Seamans 2013; Moser
et al. 2015). Our results showed that 77.9% of the current trees
are not large enough to provide substantial carbon sequestra-
tion. The proposed planted trees are also young, and the
twenty-year timespan is simply too short for the trees to be-
come large enough, and urban tree lifespan is a key attribute in
maximizing the carbon sequestration (Matthews et al. 2015).
This means even investing substantially in future tree planting
does not provide a reliable contribution to climate change over
the next twenty-year period. Therefore, it is possible to reap
the maximum benefit of tree planting for climate change mit-
igation through carbon sequestration only after a very long
period. Such long-term benefits may be difficult to attain,
given the fact that the shorter term benefits are minor and
meanwhile those young urban trees need careful management
and maintenance and thus come with costs.
It should also be noted that the long-time dynamics of net
carbon source and sink of urban forest change throughout the
lifespan of a tree (growth, death, and decay) (Nowak and
Crane 2002; Nowak et al. 2002b, 2013). During the growth










Current 1.928 1.09 3.68 9.4 2.27
I 1.299 11.29 4.04 25.1 6.10
II 1.958 11.89 4.28 29.6 7.19
III 2.948 12.78 4.53 36.3 8.84










Fig. 5 Comparison between the
current structural conditions and
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Fig. 6 Dynamic pattern of tree
biomass (kg ha−1), cover (%) and
density (tree ha−1) in next
20 years lifetime
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rate diminishes as the urban trees mature; because, in the
growing and young trees, the biomass adding rate is faster
than in older and mature trees, which leads to faster carbon
sequestration compared with mature trees (Nowak and Crane
2002; Lehtonen 2005; Moser et al. 2015). As the tree matures,
homeostasis is reached, meaning the amount of carbon
absorbed through photosynthesis would be similar to that lost
through respiration and decay (Nowak and Crane 2002). The
assessment of the relationship between carbon sequestration
and tree ages showed that the CO2 sequestration increases
slowly in the initial period of life; then the incremental rate
declines dramatically by the maturation time and stabilizes
after maturity (Unwin and Kriedemann 2000; de Villiers
et al. 2014). Though young and fast-growing species store
carbon faster than old and slow-growing species, mature and
healthy trees store carbon longer, and, some species (e.g.
Platanus x acerifolia) sustain reliable and long term carbon
stock (Nowak and Crane 2002; Ruiz-Peinado Gertrudix et al.
2012; Koeser et al. 2016). Also, maintaining older senescent
urban trees may provide habitat for local fauna (Harper et al.
2005; Isaac et al. 2014).
The net value of carbon sequestration by urban trees, con-
sidered as a carbon source, may turn negative if the carbon
released from the trees (as a result of maintenance activities
and decomposition of dead trees) exceeds the carbon assimi-
lated by them (Nowak and Crane 2002). Urban trees are dif-
ferent from natural and semi-natural forests and often require
intensive management practices subsequently (Fares et al.
2017). These tree maintenance activities influence the carbon
source and sink dynamics of urban trees and may emit carbon
back to the urban ecosystems via carbon emission through
machinery maintenance activities by fossil fuel combustion
(e.g. from saws and chippers), transferring and removing
deadwood and leaves, and pruned or trimmed branches to
the urban soil. Therefore, UF may eventually turn to net emit-
ters. A comprehensive assessment should take into account
the carbon releasing of urban trees associated with these tree
management practices (Velasco et al. 2016). Net carbon se-
questration was normally about 75% of the gross value
(Nowak and Crane 2002). However, in Tabriz, it was around
96% in the current condition. The difference was due to the
relatively low share of dead trees (2.4%) and small DBH in
Tabriz’ UF (77.9% of trees with DBH less than 15.2 cm).
Strohbach et al. 2012 showed that the amount of seques-
trated carbon can be much larger than that emitted from con-
struction and maintenance if the design and maintenance plan
aims to minimize the use of oil-based machinery. It should
also be noted that increasing tree cover may require the crea-
tion of new green spaces which emits carbon. Therefore, at
least some trees have to be planted to offset the emission from
construction and maintenance. These issues make the accurate
assessment of the carbon balances related to UF challenging;
thus, the life cycle approach and carbon footprint analysis has
been proposed to elucidate the net carbon balance of urban
forests (Strohbach et al. 2012).
The growth behavior of the urban tree (tree biomass and
canopy cover) is a function of cultural activities (e.g. pruning
and trimming) which may lead to the poor growth of trees
(Nowak et al. 1990; Frelich 1992; McPherson et al. 2001;
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Fig. 7 Estimated total net carbon
sequestration (CO2 eq) in
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and trimming diminish the tree biomass through cutting and
also prevent the crown of the tree from reaching its potential
size (Stabler et al. 2005; Alexandrov 2007; Stoffberg et al.
2008, 2009; Semenzato et al. 2011; McPherson et al. 2016;
Vaz Monteiro et al. 2016). The tree size at maturity, as well as
its lifespan, are the major factors in carbon sequestration and
storage (Nowak et al. 2002b; Lal and Augustin 2012).
Therefore, pruning and trimming practices may reduce the
carbon storage amount (Fini et al. 2015). It may even return
and release the carbon residing in trees. On the other hand, if
the management practices increase the lifespan, they can have
a positive effect on the carbon budget (Nowak et al. 2002b). It
should be noted that pruning and trimming may be the best
thing that can be done for trees; they are inevitable because
they ensure urban trees’ health (Badrulhisham and Othman
2016).
Decaying as a common issue occurring with different fre-
quencies and severities may increase as the urban tree ma-
tures, and exacerbates the urban tree vitality (Terho et al.
2007; Luley et al. 2009; Koeser et al. 2016). As the tree de-
cays, the above ground biomass diminishes, and the stored
carbon reduces. Therefore, decayed tree acts as a carbon
source by emitting back the stored carbon (Brazee et al.
2011; Aguilar et al. 2018). The estimated carbon storage by
urban trees needs to be adjusted for decay losses (Aguilar et al.
2018). However, the quantitative knowledge about the
amount of the biomass loss through decaying is limited
(Brazee et al. 2011) and the existingmodels to quantify carbon
storage in urban trees have not accounted for decay losses
(Hutyra et al. 2011; Koeser et al. 2016; Aguilar et al. 2018).
In conclusion, the capacity of urban trees to sequester and
store carbon may be either improved or restricted by mainte-
nance activities as well as by the site conditions. Therefore,
improving growth rates of early aged and young trees and also
monitoring the overall health of older individuals to delay
their senescence may better sustain the ES provided by UF
(McPherson et al. 2013; Mullaney et al. 2015; Davies et al.
2017; Pretzsch et al. 2017).
i-Tree Eco converts biomass accumulation to carbon, as-
suming no net change in biomass and C storage at maturity.
The model does limit carbon sequestration by having a diam-
eter cut-off and also by estimating gross sequestration along-
side net sequestration. The gross sequestration accounts for
the fact that trees are decaying in place and have some chance
of dying within the next year. i-Tree Eco compensates for
pruning, etc. in urban settings by applying a 0.8 multiplier to
the trees growing on land uses which are typically managed
(i.e. all but the vacant and wetland land uses) (Nowak 2019).
Focusing on a single ES isolated from the other ES can
frequently cause policy failures (Elmqvist and Tuvendal
2013), and emphasizing multiple ES and benefits is a key
element of the “capital” concept of UF (Matthews et al.
2015). As the results show, focusing on one single service
(climate change mitigation) alone is insufficient to justify tree
planting strategies. Nevertheless, urban tree planting should
not be overlooked because of its low contribution to climate
change mitigation, since tree planting could be important in
supplying other environmental and economic benefits (e.g. air
quality improvement, noise pollution reduction, floods con-
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Fig. 9 Contribution of the current
and future urban trees to climate
change mitigation for the four
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Fig. 10 Estimated urban
temperature regulation in the
scenarios I to IV
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shading and transpiration, soil erosion reduction, aesthetic
benefits, wildlife habitat, etc.) (Carreiro 2008; Stabler 2008;
Wu 2008). As with carbon sequestration, many of these eco-
system services and disservices increase as the LAI or canopy
cover increases (Davies et al. 2017). In other words, synergies
may exist. To address this issue, we examined the synergy
between climate change regulation and urban temperature reg-
ulation through tree planting scenarios. The results show that
as the climate change regulation increases, the provision of
cooling effect improves. This may prove that several UES
(e.g. air quality improvement, climate change regulation, ur-
ban temperature regulation, etc.) synergistically increase via
tree planting in the future. Identifying such synergies (which
allow for the simultaneous improvement of more than one ES)
and trade-offs help policymakers to make better choices to
increase human well-being (Haase et al. 2012), for instance,
through tree planting strategies.
Considering trade-off for the UES and resource use (e.g.
water) provides useful information for urban decisionmakers
(Darrel et al. 2011), particularly regarding the balance be-
tween water loss and carbon sequestration (Pataki et al.
2011c). The amount of irrigation water the urban trees require
during the low-precipitation months in order to sustain carbon
sequestration (tree-water trade-off), especially in water-
limited regions such as Tabriz, may restrict the sustainability
of the long-term potential of UF in mitigating climate change;
therefore, it may be considered as a disservice or cost (Stabler
and Martin 2004; Jackson et al. 2008; Lyytimäki et al. 2008;
Pataki et al. 2011c). This study analyzed the temporal urban
trees’ water requirements to provide climate change mitiga-
tion ES. The total water need for a single tree in Tabriz is
almost the same as that of other Iranian cities (Zehtabian and
Farshi 1999; Azari et al. 2018). The results showed that about
1854 (m3) of water was needed to sequester a ton of carbon,
annually. The amount of water requirement increases as the
climate change mitigation ES improves through tree planting.
This means more water is required to sustain the potential of
UF to sequester carbon in developed scenarios (III and IV),
which puts more pressure on limited urban water resources. It
is recommended to schedule the irrigation practice according
to the species’ water requirement and growth stage (Stabler
and Martin 2000) as well as to introduce trees with low water
requirement in arid and semi-arid regions like Tabriz (Pataki
et al. 2011c). Using a lower amount of water than the tree
requires leads to a reduced ES production (e.g. carbon seques-
tration), especially by small trees (Pataki et al. 2011a, c).
Tracking such synergies and trade-offs and considering all
the benefits and costs resulting from UF can provide a more
comprehensive understanding of the delivered ES process
(Fisher et al. 2009; Bodnaruk et al. 2017). Unfortunately, there
is still a lack of comprehensive understanding of synergies and
trade-offs among different ES (Rodríguez et al. 2006).
Moreover, increasing tree cover may aggravate disservices
such as emitting BVOCs (biogenic volatile organic com-
pounds) (Peñuelas and Llusià 2003; Peñuelas and Staudt
2010), health and pollutant issues fromwind-pollinated pollen
(Gómez-Baggethun et al. 2013), damage to urban infrastruc-
ture (Escobedo et al. 2011), and blockage of light, views, and
heat (Gómez-Baggethun et al. 2013; Davies et al. 2017).More
studies are required to understand synergies, trade-offs, and
disservices by considering several ES and disservices at the
same time and in the same system (Howe et al. 2014).
Another important issue in applying urban forestry ap-
proach to mitigate future urban carbon is the limitation of
available spaces to plant new trees (Strohbach et al. 2012).
The i-Tree Eco results showed that about 34% of Tabriz
(8266.2 ha) could be considered as plantable space (leading
to more carbon mitigation). On the other hand, though, these
same vacant spaces (plantable area) are usually considered for
future urbanization projects (i.e. industrial, commercial, and
residential purposes) by urban planners (De Sousa 2003). This
competition is more critical in developing cities facing expan-
sion. This is another issue which needs scenario analyses – as
provided in this study – to examine the future ecosystem ser-
vices so as to increase the awareness and to persuade urban

















































































































I II III IV
Fig. 11 Overall water need to
maintain climate change
mitigation ES in the scenarios I to
IV
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The current results, for instance, suggest that spatial
planning regarding UF should mainly focus on
responding to climate change through adaptation
(Matthews et al. 2015), e.g. using UF to combat the urban
heat island effect through its shading and transpiration
(Byrne and Jinjun 2009; Pearlmutter et al. 2017).
Despite the comprehensive quantitative approach sought in
this study, there are various uncertainties in the contribution to
climate changemitigation: 1) This study disregarded the indirect
effect of UF on climate change mitigation. For instance, urban
trees can decrease carbon emissions in cities e.g. by reducing
energy use of buildings through shading and evaporation and
the consequent reduction of the urban heat island effect. It has
been claimed that the potential indirect effects on carbon miti-
gation were four times higher than the direct carbon sequestra-
tion rate (Nowak 1993). Therefore, these effects have to be
incorporated in carbon storage and sequestration estimations
of urban trees so as to have a more accurate examination of
the role of urban trees in climate change mitigation in cities
(Nowak et al. 2013), 2) GHG emission estimations were uncer-
tain as they were adopted from nationwide estimations, which
included several emission sectors not located in Tabriz. This
may have caused an overestimation of the city-based emission
values and, consequently, an underestimation of the contribution
of UF to climate change mitigation at city-scale, 3) there were
limitations and caveats to the model; the number of available
allometric equations for urban trees is limited (Aguaron and
Mcpherson 2012) and tends not to account for the strong de-
pendence of root-to-shoot allometry on tree size (Poorter et al.
2015), which might lead to a stronger increase in storage than
calculated now. Moreover, most existing urban-based biomass
equations were established for the USA (Weissert et al. 2014)
and have uncertain conversion ratios and biomass equations and
provide less reliable estimations (Nowak et al. 2008;McPherson
and Peper 2012). For example, the 0.8 generalized adjustment
factor for open-growth tree, which is widely applied by many
authors across all the species of urban forest (Liu and Li 2012;
Vaccari et al. 2013; Timilsina et al. 2014; Zhao et al. 2016), was
developed from and for US urban forest (Nowak and Crane
2002). This is critical since it was suggested to apply a
species-decay factor (at least for Ulmus procera trees), rather
than a standard factor, for a more accurate calculation of stored
carbon in urban forests (Aguilar et al. 2018). Therefore, their
application is quite limited to IRAN’s climatic conditions, 4)
The growth rates used in Forecast module to simulate the future
tree growth are estimations, since there is a lack of measured
data on urban tree growth for slow, moderate or fast-growing
urban tree species, and 5) this study disregarded the impacts of
climate change and urban conditions on future tree growth,
which is an essential issue in sustainable UF management
(Moser et al. 2017; Nitschke et al. 2017; Pretzsch et al. 2017).
Therefore, the model outputs in this paper represent an approx-
imation rather than a precise and accurate quantification of
carbon storage and sequestration. Future research is needed to
help overcome these limitations.
Iran has been identified as a country with comparatively
high GHG emissions, where urban activities constitute one of
the most important emission sources (Mirzaei and Bekri 2017;
Olivier et al. 2017). Iran has planned to achieve the mitigation
goal especially through technical strategies such as the devel-
opment of combined cycle power plants, renewable energies,
and utilizing low-carbon fuels (INDC 2015). This means the
government focuses only on technical measures, which have
met no success yet (Burck et al. 2018). The potential of urban
trees to achieve this goal was not taken into account, and the
small potential shown in this paper should be considered by
the policymakers as a complementary measure in contributing
to the achievement of the goal, especially at a city scale.
Hence, UF is only part of the solution beside the principal
solutions such as increased energy usage efficiency.
Conclusions
This paper proposes an approach to analyzing possible future
contribution of urban trees in mitigating climate change at city
scale, which can help urban planners to understand the current
and future tree resources. The approach can be used as a tool by
the environmental policymakers to find out how much they can
rely on urban trees to achieve the environmental targets (such as
the GHG emission targets). Our assessment of the contribution
of urban trees to climate change mitigation through their regu-
lating ecosystem services revealed the potential of urban trees in
carbon storage and sequestration. The contribution of urban
trees in Tabriz is relatively low (about 0.2%) and can be in-
creased to about 0.63% through tree planting over the next
20 years. Hence, the urban tree planting at city scale has only
a limited effect on climate change mitigation. It is, therefore,
recommended to consider it as a complementary solution beside
other mitigation strategies. Moreover, the planting of trees to
improve climate changemitigation also enhances the urban tem-
perature regulation (as well as many other ES such as air puri-
fication) at the expense of more resource use, especially water.
Simultaneous analysis of such synergies and trade-offs between
a specific ES and others generates considerable information for
sustainable urban green infrastructure management.
Acknowledgments Much gratitude is also owed to Mr. Babak
Chalabiyani who participated in the field survey. We would like to thank
two anonymous reviewers whose valuable comments significantly im-
proved this paper. We sincerely thank Dr. David Nowak from USDA
Forest Service for advice, Dr. Jason Henning and Erika Teach from i-
Tree team for their assistance in data processing, and Mr. Alireza
Derakhshan and Ms. Fatemeh Adeli for species identification. We are
also grateful to numerous people and organizations involved in the field
survey. The Iranian National Science Foundation partially supported this
research (No. 96000398).
1002 Urban Ecosyst (2019) 22:989–1006
References
Aguaron E,Mcpherson EG (2012) Comparison ofmethods for estimating
carbon dioxide storage by Sacramento ’ s urban Forest. In: Carbon
sequestration in urban ecosystems. Springer, Dordrecht, pp 43–71
Aguilar OL, Johnstone D, Livesley SJ, Brack C (2018) The overlooked
carbon loss due to decayed wood in urban trees. Urban For Urban
Green 29:142–153. https://doi.org/10.1016/j.ufug.2017.09.008
Alexandrov GA (2007) Carbon stock growth in a forest stand: the power
of age. Carbon Balance Manag 2:1–5. https://doi.org/10.1186/1750-
0680-2-4
Alizadeh A (2009) Trickle irrigation (principle and practices), second edi.
Emam Reza University, Mashhad, Iran
Alizadeh M, Verdian S (2015) Potential of carbon sequestration in
rangelands of central Alborz (Iran). Int J Farming Allied Sci 4–5:
465–472
Andersson E, Barthel S, Borgström S, Colding J, Elmqvist T, Folke C,
Gren Å (2014) Reconnecting cities to the biosphere: stewardship of
green infrastructure and urban ecosystem services. Ambio 43:445–
453. https://doi.org/10.1007/s13280-014-0506-y
Armour T, JobM, Canavan R (2012) The benefits of large species trees in
urban landscapes: a costing, design and management guide. Londo
Azari ND, Shahraji TR, Gholami V, Garmdareh SEH (2018) An assess-
ment of water requirement and investigation of different irrigation
levels on growth parameters of eldar pine (Pinus eldarica Medw)
seedlings (case study: Tehran). Iran J For 10:237–250
Badrulhisham N, Othman N (2016) Knowledge in tree pruning for sus-
tainable practices in urban setting: improving our quality of life.
Procedia - Soc Behav Sci 234:210–217. https://doi.org/10.1016/j.
sbspro.2016.10.236
Baró F, Chaparro L, Gómez-Baggethun E, Langemeyer J, Nowak DJ,
Terradas J (2014) Carbon dioxide reductions through urban forestry:
guidelines for professional and volunteer tree planters. Ambio 43:
466–479. https://doi.org/10.1007/s13280-014-0507-x
Baró F, Haase D, Gómez-Baggethun E, Frantzeskaki N (2015)
Mismatches between ecosystem services supply and demand in ur-
ban areas: a quantitative assessment in five European cities. Ecol
Indic 55:146–158. https://doi.org/10.1016/j.ecolind.2015.03.013
Bodnaruk EW, Kroll CN, Yang Y, Hirabayashi S, Nowak DJ, Endreny
TA (2017) Where to plant urban trees? A spatially explicit method-
ology to explore ecosystem service tradeoffs. Landsc Urban Plan
157:457–467. https://doi.org/10.1016/j.landurbplan.2016.08.016
Bowler DE, Buyung-Ali L, Knight TM, Pullin AS (2010) Urban greening
to cool towns and cities: a systematic review of the empirical evi-
dence. Landsc Urban Plan 97:147–155. https://doi.org/10.1016/j.
landurbplan.2010.05.006
Brandt L, Derby A, Fahey R et al (2016) Environmental science & policy
a framework for adapting urban forests to climate change. Environ
Sci Pol 66:393–402. https://doi.org/10.1016/j.envsci.2016.06.005
Brazee NJ,Marra RE, Göcke L, VanWassenaer P (2011) Non-destructive
assessment of internal decay in three hardwood species of northeast-
ern North America using sonic and electrical impedance tomogra-
phy. Forestry 84:33–39. https://doi.org/10.1093/forestry/cpq040
Breu F, Guggenbichler S, Wollmann J (2012) Manual for building tree
volume and biomass allometric equations: from field measurement
to prediction
Bulkeley H (2013) Cities and climate change. Routledge, London
Bulkeley H, Betsill MM (2013) Revisiting the urban politics of climate
change. Env Polit 22:136–154. https://doi.org/10.1080/09644016.
2013.755797
Burck J, Marten F, Bals C, et al (2018) Climate Change Performance
Index Results 2018
Byrne J, Jinjun Y (2009) Can urban greenspace combat climate change?
Towards a subtropical cities research agenda. Aust Plan 46:36–43.
https://doi.org/10.1080/07293682.2009.10753420
Cairns MA, Brown S, Helmer EH, Baumgardner GA (1997) Root bio-
mass allocation in the world’s upland forests. Oecologia. 111:1–11.
https://doi.org/10.1007/s004420050201
Carreiro MM (2008) Introduction: the growth of cities and urban forestry.
In: Carreiro MM, Song Y-C, Wu J (eds) Ecology, planning, and
Management of Urban Forests. International Perspectives.
Springer, New York, NY, pp 3–9
Carreiro MM, Song Y-C, Wu J (2007) Ecology, planning, and
Management of Urban Forests International Perspectives. Springer
Chen WY (2015) The role of urban green infrastructure in offsetting
carbon emissions in 35 major Chinese cities : a nationwide estimate.
Cities 44:112–120. https://doi.org/10.1016/j.cities.2015.01.005
Churkina G, Brown DG, Keoleian G (2010) Carbon stored in human
settlements: the conterminous United States. Glob Chang Biol 16:
135–143. https://doi.org/10.1111/j.1365-2486.2009.02002.x
Clarke D, Smith M, El-Askari K (2001) CropWat for windows : user
guide
Costello LR, Matheny NP, Clark JR, Jones KS (2000) A guide to esti-
mating irrigation water needs of landscape plantings in California
the landscape coefficient method and WUCOLS III** WUCOLS is
the acronym for water use classifications of landscape species
Crank JP, Jacoby LS (2015) The challenges of global warming research.
In: Crime, violence, and global warming
Crowley TJ (2000) Causes of climate change over the past 1000 year.
Science 289(80):270–277. https://doi.org/10.1126/science.289.
5477.270
Darrel JG, Harlan SL, Stefanov WL, Martin CA (2011) Ecosystem ser-
vices and urban heat riskscape moderation: Water, green spaces, and
social inequality in Phoenix. USA Ecol Appl 21:2637–2651. https://
doi.org/10.1890/10-1493.1
Davies H, Doick K, Handley P, et al (2017) Delivery of ecosystem ser-
vices by urban forests: forestry commission. Forestry commission
Davies ZG, Edmondson JL, Heinemeyer A, Leake JR, Gaston KJ (2011)
Mapping an urban ecosystem service: quantifying above-ground
carbon storage at a city-wide scale. J Appl Ecol 48:1125–1134.
https://doi.org/10.1111/j.1365-2664.2011.02021.x
De Sousa CA (2003) Turning brownfields into green space in the City of
Toronto. Landsc Urban Plan 62:181–198. https://doi.org/10.1016/
S0169-2046(02)00149-4
de Villiers C, Chen S, jin C, Zhu Y (2014) Carbon sequestered in the trees
on a university campus: a case study. Sustain Accounting, Manag
Policy J 5:149–171. https://doi.org/10.1108/SAMPJ-11-2013-0048
Dobbs C, Hernández J, Escobedo F (2011) Above ground biomass and
leaf area models based on a non destructive method for urban trees
of two communes in Central Chile. Bosque (Valdivia) 32:287–296.
https://doi.org/10.4067/s0717-92002011000300010
EDGAR (2017) Fossil COIf applicable, please provide the access dates of
reference [EDGAR (2017)].2 & GHG emissions of all world coun-
tries, 2017-Iran. In: Emiss. Database Glob. Atmos. Res. http://edgar.
jrc.ec.europa.eu/booklet2017/countries/IRN.pdf
Elmqvist T, Fragkias M, Goodness J, et al (eds) (2013) Urbanization,
biodiversity and ecosystem services: challenges and opportunities:
a global assessment. Springer
Elmqvist T, Tuvendal M (2013) Managing trade-offs in ecosystems ser-
vices. In: Kumar P, Thiaw I (eds) Values, payments and institutions
for ecosystem management: a developing country perspective.
Edward Elgar Publishing, pp 70–87
Escobedo F, Varela S, ZhaoM,Wagner JE, ZippererW (2010) Analyzing
the efficacy of subtropical urban forests in offsetting carbon emis-
sions from cities. Environ Sci Pol 13:362–372. https://doi.org/10.
1016/j.envsci.2010.03.009
Escobedo FJ, Kroeger T, Wagner JE (2011) Urban forests and pollution
mitigation: analyzing ecosystem services and disservices. Environ
Pollut 159:2078–2087. https://doi.org/10.1016/j.envpol.2011.01.
010
Urban Ecosyst (2019) 22:989–1006 1003
Esmailnejad M, Sani ME, Barzaman S (2015) Evaluation and zoning of
urban air pollution in Tabriz. J Reg Plan 5:173–186
Fares S, Paoletti E, Calfapietra C et al (2017) Carbon sequestration by
urban trees. In: Calfapietra DP, Carlo O’BRS et al (eds) The urban
forest cultivating green infrastructure for people and the environ-
ment. Springer International Publishing AG, pp 31–39
Fini A, Frangi P, Faoro M, Piatti R, Amoroso G, Ferrini F (2015) Effects
of different pruning methods on an urban tree species: a four-year-
experiment scaling down from the whole tree to the chloroplasts.
Urban For Urban Green 14:664–674. https://doi.org/10.1016/j.ufug.
2015.06.011
Fisher B, Turner RK, Morling P (2009) Defining and classifying ecosys-
tem services for decision making. Ecol Econ 68:643–653. https://
doi.org/10.1016/j.ecolecon.2008.09.014
Frelich LE (1992) Predicting dimensional relationships for twin cities
shade trees. Department of Forest Resources University of
Minnesota -Twin Cities
Gill SE, Handley JF, Ennos a R, Pauleit S (2007) Adapting cities for
climate change: the role of the Green infrastructure. Built Environ
33:115–133. https://doi.org/10.2148/benv.33.1.115
Gómez-Baggethun E, Gren Å, Barton DN et al (2013) Urban ecosystem
services. In: Elmqvist T, Fragkias M, Goodness J et al (eds)
Urbanization, biodiversity and ecosystem services: challenges and
opportunities: a global assessment. Springer Netherlands,
Dordrecht, pp 175–251
Goodarzi M, Ranjbar M, Bayramvand R (2016) Assessing carbon se-
questration impacts of Sorkhehhesar in relieving climate change
effects. Iran J Watershed Manag Sci 10:27–34
Gorbani R, Delir KH, Firoozjah pari S (2012) The study Tabriz City air
pollution condition on the basis of principal component analysis
(PCA). J Geogr Plan 16:89–108
Grunewald K, Bastian O (2015) Ecosystem services - concept, methods
and case studies
Haase D, Larondelle N, Andersson E, Artmann M, Borgström S, Breuste
J, Gomez-Baggethun E, Gren Å, Hamstead Z, Hansen R, Kabisch
N, Kremer P, Langemeyer J, Rall EL, McPhearson T, Pauleit S,
Qureshi S, Schwarz N, Voigt A, Wurster D, Elmqvist T (2014) A
quantitative review of urban ecosystem service assessments: con-
cepts, models, and implementation. Ambio 43:413–433. https://
doi.org/10.1007/s13280-014-0504-0
Haase D, Schwarz N, Strohbach M, Kroll F, Seppelt R (2012) Synergies,
trade-offs, and losses of ecosystem Services in Urban Regions: an
integrated multiscale framework applied to the Leipzig- Halle re-
gion, Germany. Ecol Soc 17:22. https://doi.org/10.5751/ES-04853-
170322
Harper MJ, McCarthy MA, Van Der Ree R (2005) The abundance of
hollow-bearing trees in urban dry sclerophyll forest and the effect of
wind on hollow development. Biol Conserv 122:181–192. https://
doi.org/10.1016/j.biocon.2004.07.003
Henry M, Picard N, Trotta C, Manlay R, Valentini R, Bernoux M, Saint-
André L (2011) Estimating tree biomass of sub-Saharan African
forests: a review of available allometric equations. Silva Fenn 45
Howe C, Suich H, Vira B, Mace GM (2014) Creating win-wins from
trade-offs? Ecosystem services for human well-being: a meta-
analysis of ecosystem service trade-offs and synergies in the real
world. Glob Environ Chang 28:263–275. https://doi.org/10.1016/j.
gloenvcha.2014.07.005
Hutyra LR, Yoon B, Alberti M (2011) Terrestrial carbon stocks across a
gradient of urbanization: a study of the Seattle, WA region. Glob
Chang Biol 17:783–797. https://doi.org/10.1111/j.1365-2486.2010.
02238.x
i-Tree Eco International Projects (2016) Eco Guide to International
Projects
i-Tree Eco User’s Manual (2016) i-Tree Eco User’s manual
i-Tree Field Guide (2016) i-Tree Eco Field Guide
i-Tree Forecast Model (2016) Eco guide to using the forecast model
INDC (2015) Intended nationally determined contribution. Natl. Clim.
Chang. Comm. Iran INDC, Dep. Environ. Islam. Repub. Iran 10
Isaac B, White J, Ierodiaconou D, Cooke R (2014) Urban to forest gra-
dients: suitability for hollow bearing trees and implications for ob-
ligate hollow nesters. Austral Ecol 39:963–972. https://doi.org/10.
1111/aec.12164
Jackson RB, Randerson JT, Canadell JG, Anderson RG, Avissar R,
Baldocchi DD, Bonan GB, Caldeira K, Diffenbaugh NS, Field
CB, Hungate BA, Jobbágy EG, Kueppers LM, Nosetto MD,
Pataki DE (2008) Protecting climate with forests. Environ Res Lett
3. https://doi.org/10.1088/1748-9326/3/4/044006
Jo HK, McPherson EG (2001) Indirect carbon reduction by residential
vegetation and planting strategies in Chicago, USA. J Environ
Manag 61:165–177. https://doi.org/10.1006/jema.2000.0393
Koeser AK, McLean DC, Hasing G, Allison RB (2016) Frequency, se-
verity, and detectability of internal trunk decay of street tree Quercus
spp. in Tampa, Florida, U.S. Arboric Urban For 42:217–226
Lal R, Augustin B (2012) Carbon sequestration in urban ecosystems.
Springer Dordrecht Heidelberg London, New York
Larsen FK, Kristoffersen P (2002) Tilia’s physical dimensions over time.
J Arboric 28:209–214
Lehtonen A (2005) Carbon stocks and flows in forest ecosystems based
on forest inventory data. FinnishForestResearchInstitute
VantaaResearchCenter
Liu C, Li X (2012) Carbon storage and sequestration by urban forests in
Shenyang, China. Urban For Urban Green 11:121–128. https://doi.
org/10.1016/j.ufug.2011.03.002
Luley CJ, Nowak DJ, Greenfield EJ (2009) Frequency and severity of
trunk decay in street tree maples in four New York cities. Arboric
Urban For 35:94–99
Lyytimäki J, Petersen LK, Normander B, Bezák P (2008) Nature as a
nuisance? Ecosystem services and disservices to urban lifestyle.
Env i r o n S c i 5 : 1 6 1–172 . h t t p s : / / d o i . o r g / 1 0 . 1 080 /
15693430802055524
Masson V, Marchadier C, Adolphe L, Aguejdad R, Avner P, Bonhomme
M, Bretagne G, Briottet X, Bueno B, de Munck C, Doukari O,
Hallegatte S, Hidalgo J, Houet T, le Bras J, Lemonsu A, Long N,
MoineMP, Morel T, Nolorgues L, Pigeon G, Salagnac JL, Viguié V,
Zibouche K (2014) Adapting cities to climate change: a systemic
modelling approach. Urban Clim 10:407–429. https://doi.org/10.
1016/j.uclim.2014.03.004
Matthews T, LoAY, Byrne JA (2015) Reconceptualizing green infrastruc-
ture for climate change adaptation: barriers to adoption and drivers
for uptake by spatial planners. Landsc Urban Plan 138:155–163.
https://doi.org/10.1016/j.landurbplan.2015.02.010
McHale MR, Hall SJ, Majumdar A, Grimm NB (2017) Carbon lost and
carbon gained: a study of vegetation and carbon trade-offs among
diverse land uses in Phoenix, Arizona: AZ. Ecol Appl 27:644–661.
https://doi.org/10.1002/eap.1472
McLaughlin P (2011) Climate change, adaptation, and vulnerability,
Reconceptualizing societal–environment interaction within a social-
ly constructed adaptive landscape. Organ Environ 24:269–291.
https://doi.org/10.1177/1086026611419862
McPherson EG, Peper PJ (2012) Urban tree growth modeling. Arboric
Urban For 38:321–172–180
McPherson EG, Qingfu X, Elena A (2013) A new approach to quantify
and map carbon stored , sequestered and emissions avoided by ur-
ban forests. Landsc Urban Plan 120:70–84. https://doi.org/10.1016/
j.landurbplan.2013.08.005
McPherson EG, Simpson JR, Peper PJ, et al (2001) Tree guidelines for
inland empire communities
McPherson EG, van Doorn N, Peper P (2016) Urban tree database and
allometric equations. Gen. Tech. Rep. PSW-GTR-253. Albany, CA:
US Department of Agriculture, Forest Service, Pacific Southwest
Research Station
1004 Urban Ecosyst (2019) 22:989–1006
Mcpherson G, Simpson JR, Peper PJ et al (2005) Municipal Forest ben-
efits and costs in five US cities. J For
Mirzaei M, Bekri M (2017) Energy consumption and CO2 emissions in
Iran, 2025. Environ Res 154:345–351. https://doi.org/10.1016/j.
envres.2017.01.023
Moser A, RahmanMA, Pretzsch H, Pauleit S, Rötzer T (2017) Inter- and
intraannual growth patterns of urban small-leaved lime (Tilia
cordata mill.) at two public squares with contrasting microclimatic
conditions. Int J Biometeorol 61:1095–1107. https://doi.org/10.
1007/s00484-016-1290-0
Moser A, Rötzer T, Pauleit S, Pretzsch H (2015) Structure and ecosystem
services of small-leaved lime (Tilia cordata mill.) and black locust
(Robinia pseudoacacia L.) in urban environments. Urban For Urban
Green 14:1110–1121. https://doi.org/10.1016/j.ufug.2015.10.005
Mullaney J, Lucke T, Trueman SJ (2015) A review of benefits and chal-
lenges in growing street trees in paved urban environments. Landsc
Urban Plan 134:157–166. https://doi.org/10.1016/j.landurbplan.
2014.10.013
Naghipour AA, Radnezhad H, Matinkhah SH (2014) The impact of af-
forestation on soil carbon sequestration and plant biomass in arid
areas (case study: Bakhtiardasht forest park, Isfahan). Iran J For
Poplar Res 22:99–108. https://doi.org/10.22092/IJFPR.2013.9058
Nitschke CR, Nichols S, Allen K, Dobbs C, Livesley SJ, Baker PJ, Lynch
Y (2017) The influence of climate and drought on urban tree growth
in Southeast Australia and the implications for future growth under
climate change. Landsc Urban Plan 167:275–287. https://doi.org/
10.1016/j.landurbplan.2017.06.012
Nowak D, Stevens J, Sisinni S, Luley C (2002a) Effects of urban tree
management and species selection on atmospheric carbon dioxide. J
Arboric 28:113–122
Nowak DJ (2000a) The interactions between urban forests and global
climate change. In: global climate change & the urban forest.
GCRCC and Franklin Press, Baton Rouge, pp 31–34
Nowak DJ (2019) Understanding i-tree: summary of programs and
methods. USDA Forest Service,i-Tree Tools
Nowak DJ (2000b) UFORE Methods
Nowak DJ (1993) Atmospheric carbon reduction by urban trees. J
Environ Manag 37:207–217. https://doi.org/10.1006/jema.1993.
1017
Nowak DJ (1994) Air pollution removal by Chicago’s urban Forest. In:
Chicago’s urban Forest ecosystem: results of the Chicago urban
Forest climate project
Nowak DJ, Crane DE (2002) Carbon storage and sequestation by urban
trees in the USA. Environ Pollut 116:381–389. https://doi.org/10.
1016/S0269-7491(01)00214-7
NowakDJ, Crane DE, Stevens JC et al (2008) A ground-based method of
assessing urban forest structure and ecosystem services. Arboric
Urban For 34:347–358. https://doi.org/10.1039/b712015j
Nowak DJ, Dwyer JF (2007) Understanding the benefits and costs of
urban Forest ecosystems. In: Handbook of urban and community
forestry in the north east, pp 25–46
Nowak DJ, Green EJ, Hoehn RE, Lapoint E (2013) Carbon storage and
sequestration by trees in urban and community areas of the United
States. Environ Pollut 178:229–236. https://doi.org/10.1016/j.
envpol.2013.03.019
Nowak DJ, McBride JR, Beatty RA (1990) Newly planted street tree
growth and mortality. J Arboric 16:124–130
Nowak DJ, Stevens JC, Sisinni SM, Luley CJ (2002b) Effects of urban
tree management on atmospheric carbon dioxide. J Arboric 28:113–
122. https://doi.org/10.1002/aur.1474.Replication
Olivier JGJ, Schure KM, Peters JAHW (2017) Trends in global CO2 and
Total greenhouse gas emissions: summary of the 2017 report
Olivier JGJ, Van Aardenne JA, Dentener FJ, et al (2005) Recent trends in
global greenhouse gas emissions:regional trends 1970–2000 and
spatial distributionof key sources in 2000. Environ Sci. https://doi.
org/10.1080/15693430500400345
Ostadhashemi R, Shahraji TR, Roehle H, Limaei SM (2014) Estimation
of biomass and carbon storage of tree plantations in northern Iran. J
For Sci 60:363–371
Parsa VA, Salehi E, Yavaria AR et al (2019) Analyzing temporal changes
in urban forest structure and the effect on air quality improvement.
Sustain Cities Soc 48:101548. https://doi.org/10.1016/j.scs.2019.
101548
Pasher J, Mcgovern M, Khoury M, Duffe J (2014) Urban Forestry &
Urban Greening Assessing carbon storage and sequestration by
Canada ’ s urban forests using high resolution earth observation data.
Urban For Urban Green 13:484–494. https://doi.org/10.1016/j.ufug.
2014.05.001
Pataki DE, Boone CG, Hogue TS, Jenerette GD, McFadden JP, Pincetl S
(2011a) Socio-ecohydrology and the urban water challenge.
Ecohydrology. 4:341–347. https://doi.org/10.1002/eco.209
Pataki DE, Carreiro MM, Cherrier J, Grulke NE, Jennings V, Pincetl S,
Pouyat RV, Whitlow TH, Zipperer WC (2011b) Coupling biogeo-
chemical cycles in urban environments: ecosystem services, green
solutions, and misconceptions. Front Ecol Environ 9:27–36. https://
doi.org/10.1890/090220
Pataki DE, Jenerette GD, McCarthy HR (2011c) Plant water-use efficien-
cy as a metric of urban ecosystem services. Ecol Appl 21:3115–
3127. https://doi.org/10.1890/11-0048.1
Pataki DEE, Emmi PCC, Forster CBB et al (2009) An integrated ap-
proach to improving fossil fuel emissions scenarios with urban eco-
system studies. Ecol Complex 6:1–14. https://doi.org/10.1016/j.
ecocom.2008.09.003
Pearlmutter D, Calfapietra C, Samson R, et al (2017) The urban Forest:
cultivating Green infrastructure for people and the Environmen.
Springer
Peñuelas J, Llusià J (2003) BVOCs: plant defense against climate
warming? Trends Plant Sci 8:105–109. https://doi.org/10.1016/
S1360-1385(03)00008-6
Peñuelas J, Staudt M (2010) BVOCs and global change. Trends Plant Sci
15:133–144. https://doi.org/10.1016/j.tplants.2009.12.005
Peper PJE, McPherson G, Mori SM (2001) Equations for predicting
diameter, height, crown width, and leaf area of San Joaquin Valley
street trees. J Arboric 6:306–317
Poorter H, Jagodzinski AM, Ruiz-Peinado R, Kuyah S, LuoY, Oleksyn J,
Usoltsev VA, Buckley TN, Reich PB, Sack L (2015) How does
biomass distribution change with size and differ among species?
An analysis for 1200 plant species from five continents. New
Phytol 208:736–749. https://doi.org/10.1111/nph.13571
PretzschH, Biber P, Uhl E, Dahlhausen J, Schütze G, Perkins D, Rötzer T,
Caldentey J, Koike T, Con T, Chavanne A, Toit B, Foster K, Lefer B
(2017) Climate change accelerates growth of urban trees in
metropolises worldwide. Sci Rep 7:1–10. https://doi.org/10.1038/
s41598-017-14831-w
Raciti SM, Hutyra LR, Newell JD (2014) Mapping carbon storage in
urban trees with multi-source remote sensing data : relationships
between biomass , land use , and demographics in Boston neighbor-
hoods. Sci Total Environ 500–501:72–83. https://doi.org/10.1016/j.
scitotenv.2014.08.070
Rodhe H (1990) A comparison of the contribution of various gases to the
greenhouse effect. Scienece 248:217–1219. https://doi.org/10.1126/
science.248.4960.1217
Rodríguez JP, Beard TD, Bennett EM et al (2006) Trade-offs across
space, Tim , and ecosystem services. Ecol Soc 11:28. https://doi.
org/10.2307/26267786
Romero Lankao P (2011) Urban areas and climate change: review of
current issues and trends
Romm J (2013) Climate change: what everyone needs to know
Ruiz-Peinado Gertrudix R, Montero G, Del Rio M (2012) Biomass
models to estimate carbon stocks for hardwood tree species. For
Syst 21:42. https://doi.org/10.5424/fs/2112211-02193
Urban Ecosyst (2019) 22:989–1006 1005
Schröder C, Mancosu E, Roerink G (2013) Methodology proposal for
estimation of carbon storage in urban green areas
Semenzato P, Cattaneo D, Dainese M (2011) Growth prediction for five
tree species in an Italian urban forest. Urban For Urban Green 10:
169–176. https://doi.org/10.1016/j.ufug.2011.05.001
Shirani-bidabadi N, Nasrabadi T, Faryadi S, Larijani A, Shadman
Roodposhti M (2019) Evaluating the spatial distribution and the
intensity of urban heat island using remote sensing, case study of
Isfahan city in Iran. Sustain Cities Soc 45:686–692. https://doi.org/
10.1016/j.scs.2018.12.005
Silvera Seamans G (2013) Mainstreaming the environmental benefits of
street trees. Urban For Urban Green 12:2–11. https://doi.org/10.
1016/j.ufug.2012.08.004
Smith DM, Cusack S, Colman AW, Folland CK, Harris GR, Murphy JM
(2007) Improved surface temperature prediction for the coming de-
cade from a global climate model. Science (80- ) 317:796–799.
https://doi.org/10.1126/science.1139540
Smith JP, Li X, Turner BL (2017) Lots for greening: identification of
metropolitan vacant land and its potential use for cooling and agri-
culture in Phoenix, AZ, USA. Appl Geogr 85:139–151. https://doi.
org/10.1016/j.apgeog.2017.06.005
Stabler LB (2008) Management regimes affect woody plant productivity
and water use efficiency in an urban desert ecosystem. Urban
Ecosyst 11:197–211. https://doi.org/10.1007/s11252-008-0050-2
Stabler LB, Martin CA (2004) Irrigation and pruning affect growth water
use efficiency of two desert-adapted shrubs. Acta Hortic (638):255–
258. https://doi.org/10.17660/ActaHortic.2004.638.33
Stabler LB, Martin CA (2000) Irrigation regimens differentially affect
growth and water use efficiency of two southwest landscape plants.
J Environ Hortic 18:66–70
Stabler LB, Martin CA, Brazel AJ (2005) Microclimates in a desert city
were related to land use and vegetation index. Urban For Urban
Green 3:137–147. https://doi.org/10.1016/j.ufug.2004.11.001
Statistical Center of Iran (2016) Population and housing censuses, cen-
suses 2016. https://www.amar.org.ir/english/Population-and-
Housing-Censuses. Accessed 28 Mar 2018
Stigter C Kees J, Winarto YT, Wicaksono M (2016) Implementing cli-
mate change adaptation in cities and communities. Integrating strat-
egies and educational approaches. In: Implementing climate change
adaptation in cities and Communitie
Stoffberg GH, van Rooyen MW, van der Linde MJ, Groeneveld HT
(2010) Carbon sequestration estimates of indigenous street trees in
the City of Tshwane, South Africa. Urban For Urban Green 9:9–14.
https://doi.org/10.1016/j.ufug.2009.09.004
Stoffberg GH, van Rooyen MW, van der Linde MJ, Groeneveld HT
(2008) Predicting the growth in tree height and crown size of three
street tree species in the City of Tshwane, South Africa. Urban For
Urban Green 7:259–264. https://doi.org/10.1016/j.ufug.2008.05.
002
Stoffberg GH, van Rooyen MW, van der Linde MJ, Groeneveld HT
(2009) Modelling dimensional growth of three street tree species
in the urban forest of the city of Tshwane, South Africa. South For
71:273–277. https://doi.org/10.2989/SF.2009.71.4.4.1031
Strohbach MW, Arnold E, Haase D (2012) The carbon footprint of urban
green space-a life cycle approach. Landsc Urban Plan 104:220–229.
https://doi.org/10.1016/j.landurbplan.2011.10.013
Strohbach MW, Haase D (2012) Above-ground carbon storage by urban
trees in Leipzig, Germany: analysis of patterns in a European city.
Landsc Urban Plan 104:95–104. https://doi.org/10.1016/j.
landurbplan.2011.10.001
Tanhuanpää T, Kankare V, Setälä H, Yli-pelkonen V (2017) Urban for-
estry & urban greening assessing above-ground biomass of open-
grown urban trees : a comparison between existing models and a
volume-based approach. Urban For Urban Green 21:239–246.
https://doi.org/10.1016/j.ufug.2016.12.011
Terho M, Hantula J, Hallaksela AM (2007) Occurrence and decay pat-
terns of common wood-decay fungi in hazardous trees felled in the
Helsinki City. For Pathol 37:420–432. https://doi.org/10.1111/j.
1439-0329.2007.00518.x
Timilsina N, Staudhammer CL, Escobedo FJ, Lawrence A (2014) Tree
biomass, wood waste yield, and carbon storage changes in an urban
forest. Landsc Urban Plan 127:18–27. https://doi.org/10.1016/j.
landurbplan.2014.04.003
Unwin GL, Kriedemann PE (2000) Principles and processes of carbon
sequestration by trees
Vaccari FP, Gioli B, Toscano P, Perrone C (2013) Carbon dioxide balance
assessment of the city of Florence (Italy), and implications for urban
planning. Landsc Urban Plan 120:138–146. https://doi.org/10.1016/
j.landurbplan.2013.08.004
Varamesh S, mohssen H s, Abdi N (2011) Estimating potential of urban
forests for atmospheric carbon sequestration. J Environ Stud 37:1–8
Vaz Monteiro M, Doick KJ, Handley P (2016) Allometric relationships
for urban trees in Great Britain. Urban For Urban Green 19:223–
236. https://doi.org/10.1016/j.ufug.2016.07.009
Velasco E, Roth M, Norford L, Molina LT (2016) Does urban vegetation
enhance carbon sequestration? Landsc Urban Plan 148:99–107.
https://doi.org/10.1016/j.landurbplan.2015.12.003
Weissert LF, Salmond JA, Schwendenmann L (2014) A review of the
current progress in quantifying the potential of urban forests to mit-
igate urban CO 2 emissions. Urban Clim 8:100–125. https://doi.org/
10.1016/j.uclim.2014.01.002
Wu J (2008) Toward a landscape ecology of cities: beyond buildings,
trees, and urban forests. In: Carreiro MM, Song Y-C, Wu J (eds)
Ecology, planning, andManagement of Urban Forests. International
Perspectives. Springer, New York, NY, pp 10–28
Zehtabian G, Farshi A (1999) An estimate of water requirement of green
areas plants in arid zones (case study: Kashan). Iran J Nat Resour 52:
63–75
Zhang Y,Murray AT, Turner BL (2017) Optimizing green space locations
to reduce daytime and nighttime urban heat island effects in
Phoenix, Arizona. Landsc Urban Plan 165:162–171. https://doi.
org/10.1016/j.landurbplan.2017.04.009
Zhao S, Tang Y, Chen A (2016) Carbon storage and sequestration of
urban street trees in Beijing, China. Front Ecol Evol 4:1–8. https://
doi.org/10.3389/fevo.2016.00053
1006 Urban Ecosyst (2019) 22:989–1006
